Running head: Genes associated with protein synthesis in young and old men 
Introduction
During the recovery period of resistance exercise, muscle protein synthesis exceeds that of protein breakdown resulting in an overall increase in net protein balance (44) .
Although effective, the muscle growth response following repeated bouts of resistance exercise in older individuals is less than their younger counterparts (36, 56) . This may be due to an inability to fully stimulate muscle protein synthesis following an acute bout of resistance exercise (47) . We have recently shown that an acute anabolic stimulus (resistance exercise combined with essential amino acid ingestion) can stimulate muscle protein synthesis in older men, however, the response is delayed as compared to young men (23) .
However, more information is needed at the molecular level in order to determine why skeletal muscle from older individuals is less responsive to an acute anabolic stimulus.
An important pathway controlling the synthesis of new proteins is the mammalian target of rapamycin (mTOR) (10) . Contractile and nutritional signals converge on mTOR making it a key regulator of muscle growth. mTOR has two well known downstream targets: ribosomal S6 kinase-1 (S6K1) and eukaryotic initiation factor 4E-binding protein-1 (4E-BP1). Recently, in drosophila, the transcription factor cMyc has also been identified as a target of TOR via regulation of ribosomal biogenesis (26, 50) . Thus, the combined actions of mTOR on S6K1, 4E-BP1, and cMyc can contribute significantly to activation of protein synthesis in skeletal muscle.
In order for mTOR to activate its primary effectors, appropriate upstream signals must be received. mTOR has many positive and negative regulators that control its function.
For instance, translationally controlled tumour protein (TCTP) is a positive regulator of the small GTPase, Rheb (Ras-homologue enriched in brain), therefore enhancing mTOR activity and cell growth (29) . mTOR is also positively regulated by amino acids, and in particular by leucine (2, 3) . To date, two molecules have been implicated in mediating signals from amino acids to mTOR: human vacuolar protein sorting-34 (hVps34) and mitogen activated protein kinase kinase kinase kinase-3 (MAP4K3) (12, 25, 43) . On the other hand, REDD1 and REDD2 have been identified as negative regulators of mTOR (17) . REDD1 is altered in response to various cellular stresses such as hypoxia, dexamethasone, starvation and muscle contraction (11, 17, 24, 48, 55) . REDD1 has been shown to interact with 14-3-3 and modify the function of the tuberous sclerosis 1 (TSC1) and 2 (TSC2) complex (18) leading to inhibition of mTOR signaling. REDD2 has also been shown to inhibit mTOR (17) but the mechanisms are still not known. Another novel negative regulator of mTOR is PRAS40
(proline-rich Akt substrate-40). The function of PRAS40 remains elusive but it has been shown to bind mTOR, via raptor, which represses mTOR activity (51) . Unfortunately much of these data are generated from rodents, drosophila and cell lines. Therefore, few data, if any, are available on upstream regulators of mTOR within human skeletal muscle and how they respond to an anabolic stimulus.
Muscle growth can also be controlled by the regulation of satellite cells. Satellite cells respond to various injurious and anabolic stimuli. The sequence of satellite cell events involves activation, proliferation and fusion to existing myofibers (19) . Regulation of satellite cell function is controlled by many different factors including growth factors (i.e., IGF-1, myostatin) and members of the myogenic regulatory family (i.e., myoD, myogenin), all of which are acutely responsive to a single bout of resistance exercise in humans (7, 8, 34, 39, 45, 57) . However, no information is available in humans on the E3 ubiquitin ligase, mindbomb2 (mib2; also known as skeletrophin). Mindbomb2, an important player in Notch signaling, cleaves the intracellular region of the Notch ligand which in turn allows the Notch receptor complex to translocate into the nucleus and upregulate genes important for myogenesis (35) . Activation of Notch signaling is important for proliferation of satellite cells (15, 16) . Interestingly, Notch signaling has been shown to be disregulated in aging skeletal muscle (13, 14) .
Muscle protein synthesis is stimulated in both young and old men following an acute anabolic stimulus (resistance exercise followed by essential amino acid ingestion; RE+EAA), however, the response was delayed in the older men (23) . The purpose of this study, in an effort to better understand the molecular mechanisms that may explain this delayed response, was to identify select and novel mRNAs associated with mTOR and satellite cell regulation after an acute anabolic stimulus (RE+EAA) in young and older men. We hypothesized that expression patterns of mTOR signaling associated mRNAs (REDD1, REDD2, PRAS40, TSC1, TSC2, TCTP, Rheb, hVps34, MAP4K3, mTOR, S6K1, cMyc) and mRNAs associated with satellite cell function (insulin-like growth factor receptor (IGF-1R), myoD, myogenin, mib2, myostatin) would be differentially expressed in young and old human skeletal muscle both at rest and following RE+EAA.
Methods
Subjects. We studied 6 young (29±2yr) and 6 older (70±2yr) men. These volunteers have been studied previously and therefore the subject characteristics can be found elsewhere (23) . The subjects were not engaged in any regular exercise training at the time of the enrollment; however they were physically independent and overall healthy. Screening of subjects were performed with clinical history, physical exam, and laboratory tests including complete blood count with differential, liver and kidney function tests, coagulation profile, fasting blood glucose and oral glucose tolerance test, hepatitis B and C screening, HIV test, TSH, lipid profile, urinalysis, drug screening, electrocardiogram and stress test on a treadmill or bicycle. On two separate occasions, subjects were tested for maximal strength by performing a one repetition maximum (1RM) on a leg extension machine (Cybex-VR2, Medway, MA). The starting weight used during the resistance exercise portion of this study was 70% of the subjects' pre-determined 1RM. All subjects gave informed written consent before participating in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (which is in compliance with the Declaration of Helsinki).
Experimental design. All subjects were admitted to the GCRC of the University of Texas Medical Branch the day prior to the exercise study, and a dual-energy X-ray absorptiometry (DEXA) scan (Hologic QDR 4500W, Bedford, MA) was performed to measure body composition and lean mass. The subjects were then fed a standard dinner and a snack at 2200h. All subjects were studied following an overnight fast under basal conditions, refrained from exercise for 24h prior to study participation, and were studied at the exact same time (i.e., between 0500 and 1500 h).
A baseline muscle biopsy was obtained from the lateral portion of the vastus lateralis using a 5mm Bergström biopsy needle, under sterile procedure and local anesthesia (1% lidocaine). Subjects were escorted to the Cybex leg extension machine and then performed 8 sets of 10 repetitions of two-legged extension exercises set to 70% of their 1RM. The rest period between sets was 3 minutes. Following the last exercise set, the subjects were then transported back to their hospital bed for the remainder of the study. One hour following the completion of exercise, another muscle biopsy was taken. This was immediately followed with the ingestion of 20g of a leucine-enriched essential amino acid mixture. The composition of the essential amino acid mixture has been published previously (23) . Inc, Cincinnati, Ohio). The RNA was separated into an aqueous phase using 0.2 ml of chloroform and precipitated from the aqueous phase using 0.50 ml of isopropanol. Extracted RNA was washed with 1 ml of 75% ethanol, dried, and then suspended in a known amount PCR Primers. Primer pairs were customized using Beacon Designer 5.0 software (Premier Biosoft Int., Palo Alto, CA) in which they were designed to avoid homology (BLAST analysis) and secondary structures. Primers were purchased from Invitrogen (Carlsbad, CA). Primer sequences are found in Table 1 . Primers were considered optimal if they produced: 1) primer efficiencies between ~90-100% and 2) a single DNA product of predicted size as identified with a melt analysis and DNA agarose gel. 
Semi-quantitative

Housekeeping gene normalization and calculations. The geometric means of
GAPDH and β2M were used to normalize the genes of interest as recommended by
Vandesompele et al. (53) . As a result, we determined the slope of the housekeeping genes for young and old to be -0.027 and -0.031, respectively with no differences occurring across time or between young and old. Relative fold changes in mRNA within and baseline differences between groups were determined from the Ct values using the 2 -∆∆Ct as described by Livak and Schmittgen (38) Immunoblot analysis. Details to immunoblotting can be found elsewhere (22) . Briefly, frozen tissue was homogenized, centrifuged for 10 min at 4°C, and supernatant was collected.
Total protein concentrations were determined using the Bradford assay (Smartspec Plus, Statistical analysis. Data are reported as mean ± SE. Between and within group differences were tested using repeated-measures ANOVA. When main effects existed, Bonferonni post-hoc tests were conducted to assess interaction effects between particular time points and age groups. For baseline comparisons unpaired t-tests were conducted.
Statistical significance was determined to be P<0.05 unless otherwise indicated. All analyses were done with SigmaStat software (version 3.5).
Results
Basal mRNA expression
A total of 17 genes were examined in human skeletal muscle for each subject in both the young and old groups (Table 1) . At baseline, hVps34 mRNA expression was significantly higher in the older men as compared to the young (P<0.05), while there was a tendency for myoD (P=0.06), myogenin (P=0.07) and TSC2 (P=0.09) mRNAs to be higher in the older men ( Table 2 ). There were no differences in mRNA expression between groups at baseline for the other 13 genes (P>0.05; Table 2 ).
Baseline expression of select proteins associated with muscle growth. As a follow-up, Further evaluation of interactions identified REDD1 mRNA expression to be significantly lower at 6h post RE+EAA in the old as compared to baseline (P<0.05; Fig. 1A ). REDD2 mRNA expression was significantly lower (~50%) at 3 and 6h post RE+EAA in both young and older subjects as compared to baseline ( Fig. 1B; P<0 .05). TSC1 mRNA expression tended (P=0.05) to be lower at 3h and was significantly lower (~25%; P<0.05) at 6h post RE+EAA in the older subjects as compared to baseline (Fig. 1C) while TSC2 mRNA expression was significantly lower (~25%; P<0.05) at 3 and 6h post RE+EAA in these same subjects as compared to baseline (Fig. 1D) . The expression level of TSC1 and TSC2 was different between the age groups at 6h post RE+EAA (P<0.05). PRAS40 mRNA expression was unchanged over time and between the age groups post RE+EAA (data not shown). mRNAs associated with satellite cell function. mib2 mRNA expression was significantly different between the age groups at 6h post RE+EAA (P<0.05; Fig. 3A ) while myostatin mRNA expression was significantly lower (~50%) compared to baseline at 3 and 6h post RE+EAA in young and older men (P<0.05; Fig. 3B ). IGF-1R mRNA expression was significantly elevated in the young by ~2.0-fold at 6h post RE+EAA as compared to baseline and this was significantly greater than the old subjects at these same time points (P<0.05; Fig.4A ). MyoD mRNA expression significantly increased (~2.0-fold) at 6h post RE+EAA in young and old subjects as compared to baseline (P<0.05; Fig. 4B ). Myogenin mRNA expression was significantly higher (~1.75-fold) in the young at 3 and 6h post RE+EAA as compared to baseline and this was significantly higher than the older men at these same time points (P<0.05; Fig. 4C ).
mRNA expression due to repeated muscle sampling
A potential caveat to measuring mRNA expression with the current experimental design is a possible artificial change in mRNA expression due to repeated muscle biopsy sampling from a single incision. To test this possibility, we measured mRNA expression in the two basal muscle biopsy samples in the young men (i.e., biopsies taken from the first incision and separated by one hour in time) for three of the genes in which we observed the largest treatment effect (i.e., cMyc, myoD, and myostatin). We found that there were no significant changes (P>0.05) in mRNA expression between the two baseline muscle biopsy samples (i.e., the second biopsy obtained from the same incision had the same mRNA expression pattern as the original biopsy sample for all three genes). Although there have been mixed findings in the literature, changes in mRNA expression are dependent on the variable of interest and the biopsy timing, design, and technique (40, 54) . Therefore, it appears that our findings are a result of the experimental treatment rather than a prior biopsy effect.
Discussion
Noteworthy findings from this study were: 1) REDD2 mRNA expression, a negative regulator of mTOR signaling, was significantly reduced in skeletal muscle of both young and older men post RE+EAA; 2) Rheb mRNA expression, a positive regulator of mTOR signaling, increased post RE+EAA only in the young men; and 3) Aging is associated with an elevated basal expression of hVps34 mRNA, a nutrient sensor linked to mTOR activation, and an inability to increase myogenin and IGF-1R mRNA expression in human skeletal muscle post RE+EAA. Together, our findings indicate that select genes associated with the regulation of protein synthesis and the myogenic program are differently expressed in muscle of young and older men at rest and post RE+EAA. In addition, these results are the first to report expression levels for many of these genes (e.g., REDD2, Rheb, TSC1, TSC2, hVps34, and mib2) in human skeletal muscle.
We found that REDD2 mRNA expression in skeletal muscle (Fig. 1B) was significantly decreased at several time points in both young and old individuals post RE+EAA. This is the first report of REDD2 mRNA expression in human skeletal muscle while REDD1 has shown to be reduced following low-intensity resistance exercise (24) .
REDD2 and its paralog REDD1 have been identified as negative regulators of mTOR (17), possibly through the control of the TSC1/2 complex (18). Thus, a decrease in REDD2 mRNA expression is consistent with an activation of mTOR signaling following an anabolic stimulus (9, (21) (22) (23) 30) . The decrease in REDD2 mRNA during the recovery from this potent anabolic stimulus is in agreement with an increase in mTOR phosphorylation and elevated rates of protein synthesis in these same subjects (23) . One of the many important questions within the muscle hypertrophy field has been in understanding the prolonged activation of mTOR signaling for many hours post-exercise. Previous collected data from these subjects suggest that amino acids may be providing the positive signal for mTOR activation since intracellular levels of leucine are still elevated at 6h (see table 3 in (23)). Our results, however, provide preliminary evidence that decreased levels of REDD1/REDD2 may also contribute to the maintained increase in mTOR phosphorylation and protein synthesis post RE+EAA.
The current gene expression data support our previous work (21) (22) (23) indicating that mTOR activation during post-exercise recovery is playing an important role in regulating the acute muscle growth response. Of particular significance, TSC1 (Fig. 1C) and TSC2 ( Fig.   1D ) mRNA expression were decreased in the old while Rheb ( Fig. 2A ) mRNA were modestly increased only in the young post RE+EAA. Although, TSC1 and TSC2 mRNAs were decreased only in the old post RE+EAA, this maybe related to the higher expression levels at rest in the older subjects (Table 2 ). In drosophila, upregulated Rheb activity is associated with cell growth (46) and is a direct target of TSC2 GAP activity (58) . It is intriguing to speculate that an enhanced Rheb mRNA expression in the young may translate into increased Rheb protein levels with repeated bouts of exercise. Therefore differential expression of Rheb may be one (of many) contributing factors to differences in muscle mass between young and old following resistance exercise training (36) . Together, our data highlights that select mRNAs associated with mTOR are altered post RE+EAA in human skeletal muscle.
mTOR has also been identified as a sensor of nutrients particularly amino acids.
Therefore, we evaluated the mRNA expression of the class 3 phosphatidylinositol kinase (hVps34) and the MAP kinase, MAP4K3, both of which have been associated with trafficking amino acids to mTOR (12, 25, 43) . Interestingly, hVps34 mRNA at baseline was higher (+2.4-fold) in the old compared to young subjects ( Table 2) . As a follow-up, we measured the protein expression of hVps34 and found a similar trend for the protein expression to be elevated in the old compared to the young at baseline (P=0.07). These findings are intriguing since older subjects appear to have a blunted protein synthesis response to small doses of essential amino acids (31, 32) . Therefore, elevated basal levels of hVps34 may suggest a compensatory mechanism to restore nutrient sensitivity in the aging muscle cell. In contrast to our hypothesis, we did not identify any changes in mRNA expression of hVps34 and MAP4K3 within the time-constraints of this experiment (data not shown). However, a recent review by MacKenzie et al. indicates that mVps34 is activated in skeletal muscle 3h after lengthening contractions (41) . Furthermore, a recent publication indicated that influx of amino acids can cause intercellular calcium increases with subsequent activation of hVps34 and mTOR (27) . Since muscle contraction releases calcium (4), resistance exercise and amino acids may synergistically regulate hVps34 activity but not alter mRNA levels. Less is known about the interaction of MAP4K3 and amino acid signaling but it will be interesting to evaluate its role following nutrient ingestion and exercise in human skeletal muscle.
Not surprisingly, the mRNAs associated with mTOR and its downstream target, S6K1 were unchanged throughout the time course of study in both young and old subjects post RE+EAA (data not shown). This is in contrast to the rapid increase in phosphorylation status of these respective proteins (23) . However, we note an elevation in cMyc mRNA in young and old subjects post RE+EAA (Fig. 2B) . In support, previous data has indicated that c-Myc mRNA and protein are readily altered in young humans and animals after muscle contraction or stretch (1, 52) . Not only can mTOR affect translation initiation and elongation, but can also influence mRNA expression, particularly genes associated with ribosomal assembly (26, 42, 50) . Using reporter gene activity, Teleman et al. found that cMyc, a regulator of ribosome biosynthesis, was a downstream target of mTOR and is upregulated in the presence of insulin and downregulated in response to rapamycin (50) .
Furthermore, c-Myc has been identified as an important up-regulator of the eIF4F translation initiation complex in cell lines (37) . Thus, these data suggest that RE+EAA influences protein translation initiation (through the phosphorylation of mTOR pathway proteins), but also alters the gene expression of the protein cMyc which is associated with synthesis of new ribosomes and regulation of translation initiation complexes in young and old subjects.
Our data ( Table 2 , Fig. 3 and 4) are consistent with the work of others which have shown elevations in myogenic regulatory factor mRNA in the old at rest and that resistance exercise alters the expression of human skeletal muscle mRNAs associated with satellite cell regulation in both young and older subjects (8, 28, 33, 34, 45) . We also report for the first time in human skeletal muscle, an age-related differential expression pattern post RE+EAA of a novel gene known as mindbomb 2 (mib2; Fig. 3A) . Specifically, mib2 cleaves the intracellular domain of the Notch ligand complex thereby contributing to a cascade of events that eventually leads to expression of Notch regulated genes associated with satellite cell proliferation. The current data indicate that the lack of mib2 induction may be correlative (albeit weakly) with the blunted satellite cell response reported in older subjects following a bout of resistance exercise (20) . Further investigation is warranted to evaluate mib2 in proliferating satellite cells post RE+EAA in human skeletal muscle.
We also found increases in IGF-1R (Fig. 4A ) and myogenin ( Fig. 4C ) mRNA levels only in the young, while myoD (Fig. 4B ) mRNA expression, although elevated, was not significantly different between the age groups post RE+EAA. This further suggests an acute dysregulation at the satellite cell level in the muscle of older subjects post RE+EAA. The role of IGF-1 receptor in contributing to muscle hypertrophy has been questioned in a recent study of synergist ablation induced hypertrophy in mice (49) . But, a study by Bamman et al.
found an association between the magnitude of hypertrophy and upregulation of myogenin mRNA in young and older individuals following resistance exercise training (5).
Interestingly, data from this group also show that older subjects have altered basal protein expression levels (6) and an attenuated myogenin mRNA response to resistance exercise as compared to young subjects (34) . Taken together, it remains to be determined whether the differential expression of myogenin and mib2 mRNA in older subjects post RE+EAA is a key factor responsible for the smaller increase in muscle hypertrophy following resistance exercise training (36, 56) .
We have previously shown that the young subjects from this study had a significant increase in muscle protein synthesis at 3 and 6h post RE+EAA (23) . Some of the mRNA expression data from the current study support this finding (i.e., reduced REDD2 and myostatin mRNA and increased Rheb mRNA expression at both 3 and 6h post RE+EAA) in the young men. On the other hand, muscle protein synthesis was delayed in the older men (i.e., protein synthesis was unchanged at 3h post RE+EAA and eventually increasing by 6h post RE+EAA) and the link between mRNA expression and muscle protein synthesis is more complicated. For example, REDD2 and myostatin mRNA expression was reduced at 3h post RE+EAA in the old men and yet their protein synthesis rate was unchanged. However, Rheb, IGF-1R, and myogenin mRNA expression was unchanged in the older men at all time points post RE+EAA. It remains to be determined whether an inability of particular genes to fully respond to RE+EAA is playing a role in the delayed activation of muscle protein synthesis in older men.
In summary, we report that following a treatment designed to maximally stimulate protein synthesis, REDD2 mRNA expression decreased in both the young and old human skeletal muscle. Furthermore, the expression of mRNAs associated with mTOR regulation (Rheb) and satellite cell function (mib2, IGF-1R, myogenin) were significantly altered in the young but unresponsive or delayed in the old. Finally, older subjects had an elevated expression level of hVps34 mRNA (and a tendency for higher hVps34 protein levels) which suggest altered nutrient sensitivity in these subjects. We conclude that following RE+EAA, mRNA expression of several genes associated with human skeletal muscle protein synthesis in both young and old are altered. However, select mRNAs were dysregulated in the old as compared to their young counterparts. This differential expression of key genes associated with protein synthesis and the myogenic program may be associated with age-related changes in protein synthesis and the overall maintenance of skeletal muscle mass. Future studies are needed to determine whether long-term resistance exercise training in combination with essential amino acid supplementation can restore the acute anabolic response to youthful levels in older individuals. 
